Birth of a River in Yellowstone – Handout

The Madison River headwaters, in the northwest corner of Yellowstone National Park, are formed by the joining of the Fire Hole River and the Gibbon River. This location provides an opportunity for us to explore some of the aspects of river dynamics in the Northern Rocky Mountains.  You will be asked to utilize US Geological Survey maps and Google Earth to develop a sampling and measurement plan for the three sites, which includes a field safety plan and a plan for determining a sampling location and discharge measurement method.    We will then look at some of the USGS stream data to evaluate the seasonal changes in the water budget that contributes to the Madison River headwaters and investigate several methods for measuring stream discharge.

You will be completing a number of calculations, graphs and short summaries.  By the end of this exercise, you will be able to:
· Take detailed field notes
· Draft Field Safety and Sampling Plans 
· Calculate, summarize and analyze a mixing model by comparing the low flow and the high flow water years of the rivers using both discharge and specific conductance data.
· Construct a stream rating curve for the Gibbon River.
· Calculate, summarize and analyze salt-tracer data.
· Evaluate different methods for discharge and provide an overall assessment of the methods. 

Concepts to Utilize:

Discharge is the volume of water moving down a stream or river per unit of time, commonly expressed in cubic feet per second or gallons per day.  It is expressed as the letter Q and is calculated as the cross-sectional area of a stream times the velocity:  Q = A · V.  Where A is the sum of the partial cross-sectional areas and V is the sum of the velocities of each of those areas. This is often referred to as the mid-point method for calculating discharge.

Cross-sectional area (A) for a stream is the sum of the individual measured depths (di) multiplied by the individual width segments (wi).
[image: ]


Stream velocity (V) is usually measured in cubic feet per second (cfs) or cubic meters per second (cms).  It may be measured with a mechanical propeller current meter, an electromagnetic flow meter, or an acoustic doppler current profiler (ADCP). The equipment is mounted on a top-set wading-rod or a pully system over the water or may simply be floated down the stream. 
[image: Image: Measuring Boise River Streamflow with an ADCP]  [image: woman in pfd gear standing in stream with streamflow measuring equipment]
USGS staff using an (ADCP) to measure streamflow.	USGS staff using a topset wading rod and flow meter
(Image credit: Tim Merrick, USGS. Public domain)	(Image credit:  USGS. Public domain)

Velocity (v) for each cross-sectional segment is usually measured at depth (d) at 60% or 0.6d from the water surface down, or 0.4d up from the stream bed.  Top-set wading-rods have a built-in scale to find the depth of the water and a proportional scale to set the 60% depth placement of the meter quickly and easily.  The sum of the velocities for each segment gives the total stream velocity (V). 
[image: ]
Stream Stage.  Stage refers to the water level above some arbitrary point in the river and is commonly measured in feet. It is also called gage height, when a staff gage is installed, that becomes the reference at that location (reach) along the stream.  Hydrologists are also able to convert stage height into streamflow volume by determining a rating curve for each site.

Staff Gage Height.  Staff gages provide a quick and easy visual indicator of water level and flow, by indicating the height of the water surface at a location along a stream or river.  The gage is marked in 1/100th and 1/10th foot intervals.  Staff gages are typically mounted on a water-resistant surface of suitable width and the board itself it then attached to fixed structures like bridge piers or driven into the stream bed on a post. It may be housed in a stilling well that reduces the wave activity.  
[image: Photo of a staff gage on a Wisconsin stream]  [image: A staff gage in a river showing a river height of 2.6 feet]  
Staff gages measured in tenth and hundredths of feet indicate the stream stage. (Images:  USGS, Public domain)

Stilling Wells.  The stilling well is a structure that protects the gage float and dampens the fluctuations in the stream caused by wind and turbulence, the instrumentation housed in a stilling well is often considered the most accurate measure of stream stage.  The stilling well may also house other data logging instrumentation to measure parameters such as specific conductance or temperature.    Fortunately, there is a strong relation between river stage and discharge and as a result, a continuous record of river discharge can be obtained.
 [image: ] (Image Credit:  USGS, Public domain)
Specific Conductance at 25 degrees C is a measure of how well water can conduct an electrical current. Conductivity increases with increasing amount and mobility of ions in solution.  Either reported in SI units as microsiemens per cm (mS/cm) or micromhos per cm (mmho/cm).

Water Year (WY) is a term that represents surface-water supply. It is defined as the 12-month period from October 1, for any given year through September 30, of the following year. The water year is designated by the calendar year in which it ends. Therefore, the year ending September 30, 1999 is called the "1999" water year.  This may be also called the hydrological year, discharge year or flow year.  The water year is generally utilized in hydrological studies and differs from the calendar year. This is because part of the precipitation that falls in late autumn and winter accumulates as snow and does not melt drain into the surface or groundwater until the following spring or summer.



































Your tasks include:

1).  Form a digital field party of 2 to 4 people, you will want at least one field partner for safety.

2). Using Google Earth including street view and Google Maps you can explore the locations of the USGS gaging stations and potential field sampling sites and take your field notes. 
	
USGS 06037100 Gibbon River at Madison Jct, YNP
Latitude 44°38'26.88", Longitude 110°51'39.83"   NAD83
Teton County, Wyoming, Hydrologic Unit 10020007
Drainage area above gage: 125 square miles; Datum of gage: 6,800 feet above   NAVD88.

USGS 06036905 Firehole River near West Yellowstone MT
Latitude 44°37'12.66", Longitude 110°51'48.61" NAD83
Park County, Wyoming, Hydrologic Unit 10020007
Drainage area above gage: 261 square miles; Datum of gage: 7,050 feet above NAVD88

USGS 06037500 Madison River near West Yellowstone, MT
Latitude 44°39'25.46", Longitude 111°04'04.67"   NAD83
Gallatin County, Montana, Hydrologic Unit 10020007
Drainage area above gage: 435 square miles; Datum of gage: 6,650 feet above   NAVD88.

While you are looking at the sites you can begin to take field notes about the three locations, good field notes should be qualitative and included the location (including coordinates), date, time, weather conditions.  They should also include detailed field descriptions; you don’t have to be a great author, but you do need to be able to describe what you observe accurately. Use a scale, in the absence of a measuring tape, give best estimates based on what is in the photo; (FYI, a full-grown bison is about 6.5 ft tall at the shoulder and 9-10 ft. long).  Also include your observations about the topography and ground cover/vegetation of the area.
  
Use of site sketches is a good habit, you can take lots of photographs, but a site sketch allows you to highlight relationships and to focus on what is really important to your particular study.  You can sketch, photograph it and include in your digital field notes document, or you can use existing photos, but annotate them with the important things to remember for the future. 
Finally, make some field conclusions, not solid conclusions, but what you think might be going on in the area, and any questions that your observations may have raised.  Taking solid field notes is a skill, and important to not only you, but your future you who may want to return to the area for a new project.  In some job situations, your field notes are the property of your employer, you want to make a good impression.

3)  Any successful field work begins with a good plan.  From your exploration of the three sites and your field notes, you will develop a basic field safety plan and choose a location on each river near the USGS gaging stations to collect field water chemistry and field check the instrumented discharge measurements for each.  Discuss your observations with your field partners and complete the Field Safety Plan for each site.  Compile your plan on the template form at the end of the handout for each of the three gaging sites.  Are there any predictable (swift water, steep banks) or unpredictable hazards (geothermal features or wild animals)?  

For your sampling plan, you will want to consider if you will be able to wade and use a flow meter?  Is the flow too high and the work will need to be done from a bridge with a bridge board and reel or with a floating platform?   How will you measure each site and what equipment will you need such as waders, ropes, and such?  Will your plan work for all flow conditions?

4)  Now that have a plan, take a look at the Excel spreadsheet “SurfaceWaterData-YNP-Discharge_and_mixing-model” that contains the selected field date for all three sites from 24 October 2002 to 17 September 2013.  
· The first sheet, labeled Notes, is the introductory material for the site that is included when you download data from the USGS Water site.  
· The following three pages include the relevant data for each river labeled Gibbon, Fire_Hole and Madison that was selected and compiled from all USGS data available for each site.  
· The fifth sheet is labeled StreamStage_Gibbon_WY2008 and contains the data for the staff gage at the gaging station for WY 2008 for the Gibbon River 
· The sixth worksheet labeled Mixing_Model contains a format for you to calculate the mixing of specific conductance and discharge if you prefer to do it in Excel, and 
· The final worksheet labeled Salt_Tracer_Unnamed_Tributary contains data on a small unnamed tributary to the Madison River.  This time interval for the data was selected because the field sampling dates overlap fairly tightly for all three sites.  

Familiarize yourself with the patterns of stream flow over the course of the water year for the three stations on the three rivers (spreadsheet sheets labeled for each river).  This can include addressing questions such as what were the water years with the highest flow, the lowest?  Do the Fire Hole and the Gibbon have the same high flow years or are they different?  How do the specific conductance values vary between the two tributaries and do they vary with the seasons?

5). You are going to create a hydrologic mixing model where the Gibbon and the Firehole Rivers join and see what their relative contributions to the Madison River might be.  You will be doing two sets of mixing, one with discharge (Q) data in cfs and one with specific conductance (SpC) You will want to select two sets of data, one for a time of high flow approaching peak flow (the maximum instantaneous flow occurring in a water year) and a second time with low, or base flow (flow that results from groundwater seeping into riverbanks or the riverbed not supplied by precipitation).  Base flow is what sustains a stream during the dry seasons. 

Hydrologic mixing models determine proportions of flow coming from different sources to examine the roles of meltwater, precipitation and groundwater without preestablishing what those sources are.  In this model, you will be looking at the two most likely sources for the Madison River water, the Gibbon and the Fire Hole Rivers.

Use the following table (Table 1) to organize your data for the calculations that you can do in Excel or by hand, either way, show your work:


Table 1:  Organization of Data for Mixing Model.
	Sample Location
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(ml/s)
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	Madison River at high flow WY

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



Setting up your mixing model:  

Several relationships are useful here; 			𝑄1 + 𝑄2   = 𝑄3

	      𝑄1			         𝑄2		     	    𝑄3
𝑋 1 = 	__________	𝑋 2 = 	___________	𝑋 3 =    ____________     	and    	𝑋1 + 𝑋2  = 1
           	𝑄1 + 𝑄2		   𝑄1 + 𝑄2		𝑄1 + 𝑄2
									                    𝑋1 + 𝑋2  = 𝑋3  = (𝐶𝑎𝑙𝑐)
𝐶𝑐𝑎𝑙𝑐 = 𝑋1𝐶1  +  𝑋2𝐶2
Where  𝑄 is your discharge, X is the proportion of flow and C can be either [SpC], Q or [T].	

Note:  when making more than one measurement of a feature, such as a junction of two streams, follow the convention:
[image: ]
Where if you were looking up stream from below the junction (site – 3), site – 1 would be on your left and site – 2 would be on your right.

Summarize your findings from your mixing model.
Address the following questions in your summary:
· Do your calculated values for the discharge and the specific conductance match well with your measured values?  
· If they differ, do they differ in the same way (both higher or both lower) or do they differ opposite direction (one higher one lower)?  
· What might account for any differences you observe (your multiple working hypotheses)?
· How might you test these hypotheses you have generated?

6).  Another method for measuring long term trends in stream flow is the use of staff gages. The height of the water may be visually and easily compared to any data logger’s reported measurement.  Additionally, staff gauges are inexpensive, static, permanent, don't require power and can be an excellent way to measure flow rates or water depths when the situation doesn't call for a full flow meter installation, or for a quick field reading. Since there is a strong relation between river stage and discharge, a graph of the relationship can be drafted and utilized for in the field evaluations of stream conditions.  This graph is called a rating curve.  The fifth sheet in your Excel file gives the gage height in feet (ft.) and the corresponding instantaneous discharge in cubic feet per second (cfs) for the Gibbon River during the 2008 water year, the first year that the new instrumentation was installed.  

Because the stage-discharge relation depends upon the size, slope, shape, and roughness of the channel at the stream gage site and is different for every stream gage a unique relationship can be determined for that site-specific rating curves.  The development of an accurate stage-discharge relation requires an extensive number of discharge measurements at multiple of stage and streamflow conditions.

To compose a graph for this relationship, the vertical axis is the stream stage measured from the gage and the horizontal axis of the graph is discharge measure by meter station in cfs. The x- and y-axes are typically both logarithmic.  Once sufficient data has been recorded, and the plot constructed, the reading of the staff gage in the field can then be located on the graph and can be used to determine the corresponding stream discharge.  Include a meaningful figure caption.

Summarize your findings from the gage height (stage) versus your discharge relationship (i.e. rating curve).  
Address the following questions in your summary.
· What does the line look like, is it straight or curved?  
· Why is there so much ‘noise’ in the data at the low end of the discharge values?  
· If you were to draft data from 2018 WY, would it look the same or different?  
· What might cause changes to the stream channel of the Gibbon River over the course of a year? A decade? A century?  
· How often would you recommend that the Gibbon River station be checked and a new rating curve be constructed?











7).   In theory your measured and calculated mixing models should agree, the reality is they often point to additions or subtractions of water in the stream system that are not part of the main channel.  One possible source of additional water may be small or ephemeral or perennial streams that are fed by springs or seeps.  

One method used to calculate the input from these small streams is to do a salt tracer study.  This is a relatively innovative approach that allows discharge measurements without necessitating wading in streams that may be hazardous, or when they are too small to use conventional equipment discussed above.  We will make use of conservation of mass: in ideal situations, if we dump in a known amount of salt at an upstream location, that same mass of salt will eventually pass by one or two monitoring stations downstream. 

We have chosen a tracer (sodium chloride) that it does not adsorb to the surfaces of sediment in the bed or in the flow and does not chemically react in any way over the stream reach (L).  In other words, it is a conservative tracer (its properties are conserved through the reach).  We also assume that it is rapidly mixed throughout the water column both vertically and laterally, so that at any point along the river a sample of the water anywhere in the cross-section (H x w) will yield the same concentration.
[image: ]
A known mass (Ms) of sodium chloride is dissolved in a bucket of water.  At a distance (L) downstream from the starting point, a team measures and records the specific conductance (mS/cm) of the stream at set 10 second time intervals (t). The measurement team is located a distance (L), that is at least 10 – 20x the stream width, downstream (QC1) from the salt-input site (QCO). We need to choose a reach carefully such that discharge is not changing from upstream to downstream (e.g., there are no tributaries, springs or seeps).

The bucket of saltwater is dumped into the stream all at one time and the measurement teams are given a signal to begin the timed measurement of the specific conductance.  They will measure the background levels of the stream and record the passage of the saltwater slug with the meter placed as close to the thalweg (the line of lowest elevation within a watercourse) as possible.  They will continue to measure until the conductance values reach the background levels and remain steady for at least 4 or 5 time intervals.  

In Excel you will find data for two sites that were measured on a stream like the ones you observe along the Madison River valley in Yellowstone, you should plot conductivity vs. time for one of the sites. 

Now you can calculate stream discharge showing all work and units.

Consider a reach of stream whose length is L and discharge is Q (see figure above). What is the concentration of the tracer at the upstream and downstream ends of the reach, C0 and C1?  And how are they related to the discharge of the stream?  C0 is the background concentration and C1 is the background plus additional salt due to the addition of Ms. QC0 is the background rate of mass transport of salt (in kg/s), and QC1 is the background plus additional mass transport due to the added tracer.

The mass of tracer coming into the reach naturally, plus the mass of tracer added to it equals the mass leaving the reach.

   			(1)

The area under the QC1 curve is the total mass of salt transported over our observations, and the area between QC1 and QC0 is Ms.  In math-speak, this is


			           	(2)

[image: ]
We can simplify equation 2 by combining terms on the right side of the equation, to yield this equation:

      			           	(3)

In practice, we actually measure electrical conductivity E, a proxy for concentration. The value of Ebkg is the background electrical conductivity one measures before injecting the tracer and Et is the electrical conductivity for a time interval.  Therefore, the Et-Ebkg is the change in E above background over that time segment.  Now, we need one more step: converting concentration to conductivity using a conversion factor F (for the meters used to collect this data it is 1932 (µS/cm)/(kg/m3)).  Since this is a constant, we can factor this out of the right side of equation 3, as follows:

							           	(4)



Finally, rearrange the equation to solve for Q:

                        		           	(5)

Let’s check our units.  Discharge is in m3/s, so we need to make sure that the right side of the equation is also in m3/s.  Since Ms is in kg, F is in (µS/cm)/(kg/m3), E is in µS/cm and Dt is in s, the units on the right side of the equation are, 


    which simplifies to m3/s.  That’s what we want!

Depending on your location relative to the entry point, the shape of your curve may look very different, with the downstream points having a wider shorter peak than the upstream locations.

[image: ]
Now you can calculate the area under the curve (the denominator of equation 5).  Show an example calculation for (Et-Ebkg)∆t.  Include the table created for your calculations (clearly showing column headings and any other necessary labels) and the plot (with axes labeled, a title, etc.) and a complete and thorough figure caption.

Summarize your findings from the salt tracer experiment.
What are two possible sources of error using the salt discharge method? Note that “human error” is not an acceptable answer.

8.)   You have now utilized several accepted techniques for the determination of stream discharge and stream velocity from data collected in the headwaters region of the Madison River in northwestern Wyoming.  

Review your sampling plan and your summaries for each of the methods above.  Some questions to consider as you wrap-up your overall summary and evaluation of field methods and data.
· What are the changes you would make to your safe and sampling plans in light of your evaluation of each of the data sets and methods used?  
· How much do the discharge measurements change between peak flow (late April to May) and base flow (Aug-Sept) for each stream, and how would this influence your field work?
· Does the mass balance of the discharge give you the same results as the specific conductance?  Think about why or why not?   Do you think this would be different in a different setting?
· How would you direct measure the field parameters at peak flow versus base flow for each site to check against gaging station data?  
· What other factors might influence the variations you see in the data?

Deliverables:
1)  Your Field Safety and Sampling Plans for all three sites.
2)  Summary analysis of your comparison of mixing for the low flow and the high flow water years using both discharge and specific conductance data.
3) Calculations of your mixing model work.
4) Graph of your rating curve for the Gibbon River with a figure caption along with your summary of the discharge relationship you found. Figure captions should be thorough, including the what, when, where, why and how of the data; in other words, be as specific and detailed as possible.
5)  Summary of your salt tracer results: your graph with caption, sample calculation and final Q and an evaluation of the method. 
6)  Overall assessment of the discharge methods explored and how they can be best utilized in the field and any revisions to your sampling and safety plans you would want to make in light of your assessment.

























Geologic Background Information
Map of the Madison headwaters area.  Gibbon River to the northeast, Fire Hole River to the southeast.
[image: ]
Gibbon River

The drainage basin for the Gibbon River is 125 square miles.  The Gibbon River begins in the center of Yellowstone National Park, at Grebe Lake (elev. 1210 m/3,970′). It flows for a short distance into Wolf Lake.  Below Wolf Lake, the Gibbon River twists and turns through several different geomorphic settings below Wolf Lake and downstream from Virginia Cascade, the Gibbon River skirts near Norris Geyser Basin. The water temperature warms significantly with the addition of runoff from thermal water features.  Below Norris meadows, the Gibbon River approaches Gibbon Falls (90 ft), formed over the rim of the Yellowstone Caldera, before reaching Lower Gibbon Meadows and there it empties its water along with the Firehole River, to form the Madison River. 

[image: ]

Gibbon headwaters near Wolf Lake.  Snow melt is the source of the river from the upper lakes until it passes the Norris Geyser Basin where it picks up some hydrothermal runoff..

Photo by Ildar Sagdejev  
Use this photograph any way you like in accordance with any of the Free licenses given; via Wikipedia




[image: ]

Gibbon River at Lower Gibbon Meadow, bison for scale.  The Yellowstone caldera scarp is in the background.  Note the lack of stream side vegetation of any size, it has been browsed and grazed away by the many ungulates in the park.


Image:  Daniel Mayer - Wikipedia the GNU Free Documentation License.


Fire Hole River

The Fire Hole River flows north approximately 34 km from its source in Madison Lake on the Continental Divide to join the Gibbon River at Madison Junction in Yellowstone National Park. The watershed is almost twice the size of the Gibbon River, a drainage area of 261 square miles.  

The Firehole River flows through several significant geyser basins in the park to include the Upper Geyser Basin, which contains the world-famous geyser Old Faithful and the Midway Geyser Basin.  These thermal features that run into it add dissolved ions and heat to the river. Early trappers named the river for the steam that rises from the warm water that makes it appear to be smoking as if it were on fire.  Temperatures in the river have been measured as high as 30 °C (86 °F) in some locations and typically temperatures average 5 to 10 °C (9 to 18 °F) higher than areas upstream of geothermal input.

[image: ]

The Fire Hole River at Fountain Flats; note angler near center of the image for scale.	
Image:  Mike Cline, Sept 2004; released this work into the public domain via Wikipedia.

Excelsior Geyser in Midway Geyser Basin alone dumps 4500 gallons of runoff per minute, which comes out to 6 million gallons a day of 93 °C water directly into the Firehole River.








Madison River

The Madison River is a headwater tributary of the Missouri River and forms at Madison Junction near the Yellowstone Caldera rim, from the Fire Hole and Gibbon Rivers.  The Madison is a premier fishing destination and people travel from all over the US and abroad to fish.  The river is very important to the economic health of southwestern Montana because of this fishing tourism.  From Madison Junction to the gaging station in West Yellowstone, the just after leaving the National Park, has a drainage area of 435 square miles.  The cliffs to the north are composed of volcanic ash that settled on the outside of the caldera following an eruption roughly 600,000 years ago.

Because both the Gibbon and the Fire Hole pass through thermal features in the park, the Madison can at times contain relatively high dissolved loads.  Samples from the Firehole and Gibbon Rivers can have arsenic and fluoride values above the Environmental Protection Agency Interim Primary Drinking Water maximum contaminant levels (0.05 mg/l arsenic and 2.0 mg/l fluoride) (Thompson, 1979).  Despite these high values, the fish seem to thrive.

[image: ]

Madison River Below Seven Mile Bridge in October (2007). 
Image:  Mike Cline, Oct 2007; released this work into the public domain via Wikipedia




Thompson, J.M., 1979, Arsenic and fluoride in the upper Madison River system: Firehole and Gibbon rivers and their tributaries, Yellowstone National Park, Wyoming, and southeast Montana. Geo 3, 13–21 (1979)




Field Research Safety Plan

The Principal Investigator (PI) or the Field Supervisor (FS) should use this form to assist with the development of a safety plan. The Safety Plan should be shared with all the members of the field research team.  

Principal Investigator/Field Supervisor:

Department/Contact information:

Dates of Travel:

Geographical Site:

Nearest City:						Nearest Hospital/Emergency Care:
(use Google Maps or similar)

Field Research:

Emergency Procedures:

Physical Demands: (Please list any physical demands require for this field research (e.g. climbing, high altitude, boating or diving skills)).

Risk Assessment: (Please list any identified risks associated with the field activity or the physical environment; e.g. extreme heat or cold, wild animals, thermal features.  List them below and then how would take appropriate measure to take to reduce the risks in the following table).

	Identified Risk
	Control of Risk

	1.

	

	2.

	

	3.

	

	4.

	

	5.

	

	6.

	

	7.

	


Field Team Members: (Please list all members of the field research team and identify the Field Team Leader.)
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